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METALLOTHERMIC REDUCTION OF
IN-SITU GENERATED TITANIUM CHLORIDE

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application claims priority from U.S. Provisional
Application Ser. No. 60/886,056, filed Jan. 22, 2007.

BACKGROUND OF THE INVENTION

This invention relates to the production of metals. The
invention has particular utility in connection with the produc-
tion of titanium and alloys of titanium and will be described in
connection with such utility, although other utilities are con-
templated.

BRIEF DESCRIPTION OF THE PRIOR ART

The inherent properties of titanium consisting of light-
weight, high corrosion resistance, high strength when alloyed
and moderate stiffness makes it the metal of choice for many
applications. Being over 40% lighter than steel and exhibiting
high corrosion resistance makes titanium a desirable substi-
tute for steel. However, titanium’s high cost limits its appli-
cations in many sectors for defense, transportation and cor-
rosion resistant applications. The first commercial process of
producing titanium metal involved sodium reduction of tita-
nium tetrachloride as demonstrated by Professor Hunter in
1910 at the Rensselaer Polytechnic Institute—The Hunter
Process. Later in 1932 Kroll produced titanium by the mag-
nesium reduction of titanium tetrachloride—The Kroll Pro-
cess which was subsequently commercialized in the United
States. Today, titanium throughout the world is produced by
the Kroll process in preference to the Hunter process. In the
commercial practice of the Kroll process, liquid magnesium
is contained in a steel retort in the absence of air held at
approximately 900° C. with titanium tetrachloride mixed
from the top into the liquid magnesium which produces tita-
nium metal and magnesium chloride according to the follow-
ing reaction:

2Mg+TiCl=Ti+2MgCl, o)

The MgCl, is removed from the retort and electrolyzed in a
separate cell to produce the magnesium for reducing the
titanium tetrachloride. A schematic of the overall Kroll pro-
cess is shown in FIG. 1. A disadvantage of both the Hunter
and Kroll processes are they are carried out in batch which
contributes to the high cost of titanium. Also, a sponge mass
is produced which is not directly usable, but must be melted
to purify and alloy to yield solid metal plate, billet, bar, cast
part, or be further processed to powder. Although there is
considerable installed capacity to produce titanium by the
Kroll process, the manufacturing cost of the produced tita-
nium is over $4.00/1b. New capacity via the Kroll process is
quite capital intensive at well over $10/Ib. Since the Kroll
process has been in commercial production for over 70 years,
it is unlikely capital or operating cost can be reduced to any
major extent, thus lower cost titanium via the Kroll process
has a low probability.

The energy to extract titanium from its ore is within about
10% that of aluminum from its oxide. Therefore, theoretically
it should be possible to produce titanium for a cost near that of
aluminum. Since aluminum is produced electrolytically, it
should be possible to produce low cost titanium electrically.
In fact Kroll predicted electrolysis would replace the metal-
lothermic (magnesium) reduction to produce titanium. How-
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ever, over the past 70 years there has been a plethora of
investigations to produce titanium electrolytically. Primarily,
the feed has been the titanium tetrachloride (TiCL,), but TiCl,
exhibits a covalent type bond and is not soluble in fused salts.
Because of titanium’s electronegativity it must be electro-
lyzed in a medium free of ionizable hydrogen which has lead
to fused salt electrolytes. Titanium exhibits multiple valences
which in electrolysis systems results in disproportionation
leading to very poor coulombic or Faradic efficiencies. In our
earlier U.S. published application Ser. No. 10/828,641, we
describe an electrolytic process for producing titanium metal
using titanium oxides as the feed. This electrolytic process
reduces TiO, carbothermically to a lower oxide which in the
presence of a carbon source as the anode discharges a low
valence titanium ion to be electrowon at the cathode and
giving CO and/or CO, at the anode according to the following
reaction:

TiCO=Ti+CO )

While this process can produce titanium and at a projected
cost of sales approximately v, that of the Kroll process, there
is inclination or a familiarity for the traditional Kroll metal-
lothermic process since it has been in use of over 50 years.
Trials have been made to operate the Kroll process con-
tinuously. See, for example, Tetsushi N. Deura, et. al., Mez-
allurgical and Materials Transactions B, Vol. 29B, December
1998, pgs. 1167-1174; Ryosuke O, Suzuki, et. al., Ibid, Vol.
30B, June 1999, pgs. 403-410; and Akic Friwa and Satoru
Takays, JOM, October 2005, pgs. 56-60. These prior art
authors utilized a molten salt containing at least some mag-
nesium chloride (MgCl,) onto which magnesium metal was
floated and TiCl, was introduced from the bottom instead of
the typical Kroll process where the TiCl, is introduced from
the top. The reaction is the same as the Kroll process (Reac-
tion 1), the objective being to construct the process in such a
way to permit continuous operation that eliminated the tradi-
tional batch Kroll process. However, there was no elimination
of'separately producing and handling the toxic, corrosive and
moisture sensitive TiCl, nor elimination of a separate elec-
trochemical plant to produce the magnesium reductant.

BRIEF DESCRIPTION OF THE INVENTION

The instant application provides a method for producing a
metal M, or metal alloy M_N,, of interest, which comprises
electrolyzing a molten salt electrolyte of an alkali-metal or
alkaline-earth metal halide, AX or AX,, with an anode
formed of carbon or an inert material or of a composite of a
metal oxide of the metal of interest and carbon, to discharge
the alkali or alkaline-earth metal A, at the cathode, and to
discharge nascent chlorine gas at the anode, whereby to pro-
duce a halide of the metal of interest, MX,, and/or NX,, and
metallothermically reducing the metal halide MX, and/or
NX,, either separately or combined, with the alkali or alka-
line-earth metal A, obtained cathodically to produce the metal
M, or metal alloy M,N,, of interest in particulate form.

BRIEF DESCRIPTION OF THE DRAWINGS

Further features and advantages of the present invention
will be seen from the following detailed description taken in
conjunction with the following drawings, wherein like
numerals depict like parts, and wherein:

FIG.1is aschematic diagram illustrating the prior art Kroll
process;

FIG. 2 is a cross-sectional view illustrating an electro-
chemical cell for practicing the present invention;
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FIG. 3 is an x-ray diffraction pattern of carbothermally
reduced TiO, which was combined with stoichiometric car-
bon to form a composite anode; and

FIGS. 4-6 are views similar to FIG. 2 of other electro-
chemical cells for practicing the present invention.

DETAILED DESCRIPTION OF THE INVENTION

The instant invention comprises utilizing a composite
anode containing an oxide of the metal of interest, e.g., tita-
nium and carbon in the atomically bound or unbound state
which is electrolyzed in a fused salt containing at least suffi-
cient magnesium chloride (MgCl,) or another alkaline or
alkaline earth metal salt, e.g., NaCl, LiCl, KCl, NaF, LiF, KF
or MgF,, CaCl,, CaF, to electrodeposit magnesium at the
cathode and the released chloride at the anode reacts with the
titanium oxide and carbon composite anode to produce a
titanium chloride with a carbon oxide gas given off at the
anode. A reaction mechanism that can explain the instant
invention is as follows:

Cathode (+):
2Mg? +4e=2Mg(s) 3)

TiCl,(g)+2Mg(s)=Ti(s)=MgCly()
Anode (-):

Q)

4CI=2Cl,(g)+4e™ )

TIOC(s)}+2C1,(g)=TiCl,(g)+CO (6)

The equations are not balanced as the anode can contain
Ti0O,, TiO, Ti,0;, and/or a series of oxides with solid solution
of TiO,—C, , and the carbon depending upon the anode
fabrication processing including the carbothermic reduction
processing conditions of the TiO, and carbon feed and the
titanium chloride (TiCl,) produced at the anode can involve
x=2, 3, or 4. However, during carbo-chlorination, because of
the powerful oxidizing properties of chlorine, only TiCl, is
produced. In addition, TiCl; is a solid that sublimes at 450°
C., and TiCl, melts at 1100° C. which prevents them from
escaping the anode compartment as a gas. The metallother-
mic reduction of the titanium chloride proceeds in-situ either
from a magnesium ion or magnesium metal. The titanium
chloride produced depends on the kinetics of the anode reac-
tion of the chloride ion released at the anode reacting directly
with the TiO/C or forming the gas Cl, which then reacts with
the TiO/C to form TiCl, withx=2, 3, or 4. The important point
is that the electrolysis potential is sufficiently high that mag-
nesium is electrolytically deposited at the cathode and a chlo-
rine species is produced at the anode that reacts with the
TiO/C anode composition to produce a titanium chloride
which is reduced by the deposited magnesium to produce
titanium, and MgCl, being reformed to complete the cycle for
regeneration of magnesium electrolytically and release of
chloride in the electrolysis. The reaction sequence is continu-
ous and can produce titanium powder with a continuous feed
of'a TiO/C anode. The titanium powder settles in the salt and
is continuously removed through siphoning, pumping
through a filter or cyclone or other similar processes. Tita-
nium powder is produced via this reaction scheme in contrast
to sponge by the traditional Kroll process providing direct use
of the powder to make parts using standard powder metal-
lurgy techniques. With a composite anode consisting of
TiO,C, . under electrolysis it is possible to electrowin tita-
nium by discharging a titanium ion from the anode and depos-
iting it at the cathode at a potential less than that to deposit
magnesium and discharge chlorine at the anode. However, the

20

25

30

40

45

4

activity of titanium ions in the fused salt is considerably less
than the activity of magnesium when MgCl, is used as a
component in the fused salt. This higher activity of magne-
sium in the fused salt and a sufficient high potential will
deposit magnesium and discharge chlorine to form a titanium
chloride that is chemically reduced by the magnesium in
preference to deposition of titanium from the composite
anode.

The temperature of the reaction/electrolysis should be
above the melting point of magnesium and typically will be in
the range of 900° C. which is the typical temperature in the
Kroll process where TiCl, is mixed with the molten magne-
sium. In the instant invention it is desirable the salt is covered
with a layer of molten magnesium at electrolysis initiation to
eliminate any discharge or release of TiCl, generated at the
anode where the TiCl would come in contact with the mag-
nesium and be chemically reduced to Ti and form MgCl,.

In order to establish the reactions of equations 3, 4, 5, and
6 were indeed occurring, an experimental setup was per-
formed to isolate the composite anode and the cathode to
determine if a TiCl, was being produced at the anode as well
as CO being given off, and that magnesium was being depos-
ited at the cathode. An experimental setup was made as illus-
trated in FIG. 2. The possible reactions from a TiO/C anode at
approximately 1.64V to 1.8V produce titanium at the cathode
and CO at the anode, depending on the temperature. The
decomposition voltage for MgCl, to deposit Mgand C1™ at the
anodeis 2.50 V. The potential between a composite anode and
a cathode should be in excess of 2.5 volts to assure deposition
of Mg and release of Cl™ at the anode. The voltage will of
necessity be higher than 2.5 volts to overcome the resistance
of the fused salt electrolyte between the anode and cathode,
voltage drops in the anode and cathode leads and connections,
and any overvoltages on the electrodes.

The salt composition chosen for the electrolysis trials in the
experimental setup shown in FIG. 2 was 100% MgCl,. The
quartz tube around the anode with argon gas sweeping up the
tube captured the gases being generated at the composite
anode. The composite anode was produced by mixing one
mole of carbon with one mole of TiO, and heating to 1800° C.
in the absence of air. The analysis of the anode by x-ray
diffraction (XRD) shown in FIG. 3 revealed a solid solution
compound of TiO, (C, , with an elemental oxygen content of
19% and carbon content of 7%. Additional carbon was added
in the form of particles and carbon content from a resin binder
to provide stoichiometric carbon with the oxygen and carbon
stoichiometrically balanced even though some of the carbon
is chemically bound to the titanium which can be represented
as Ti,° C. With electrolysis ata potential greater than 2.5V the
analysis of the anode gases showed CO and TiCl,. Around the
cathode beads of magnesium metal were recovered. These
separated electrode reactions demonstrated that magnesium
chloride could be separated by electrolysis to produce mag-
nesium at the cathode, and the reactions at the anode pro-
duced TiCl, and CO. This trial reaction was repeated with the
same results and repeated again in a salt containing NaCl—
KCl—MgCl,. An anode of TiO,—C heated only to 1100° C.
to prevent carbothermic reduction was also utilized with elec-
trolysis greater than 2.5V and the anode gases were TiCl, and
CO. It is thus seen that a composite anode containing combi-
nations of a titanium oxide and carbon can be used in a
magnesium halide salt to produce titanium in a combined
electrolysis-metallothermic process During the carbon-chlo-
rination reaction because of the powerful oxidizing properties
of'chlorine only TiCl, is produced. There is no more electrical
energy utilized in that two electrons are required to produce
the magnesium for reducing the TiCl, as compared to two
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electrons required to directly produce titanium if the titanium
ion is in a plus two state and there are no disproportionation
reactions with the titanium. The electrolysis in-situ produces
a TiCl, at the anode that is reduced by the magnesium which
is a metallothermic reduction without the necessity of sepa-
rately producing the toxic TiCl, and the associated problems
of its transport, storage, etc., as well as the handling and
transportation of magnesium and magnesium chloride to the
magnesium electrolysis cell.

It is not necessary to produce a titanium suboxide-carbon
electrode to be chlorinated with the MgCl, electrolysis. The
chlorine release on the anode can produce a TiCl, compound
with a TiO,—C electrode or other reduced oxides of titanium
such as Ti O, Ti,O;, etc. when stoichiometrically mixed
with carbon and utilized as an anode. Also, it is not necessary
that the anode be in one solid body for the discharged chlorine
to react with the TiO,—C to form TiCl,. For example, a
porous carbon container filled with TiO,—C powder could be
used and the chlorine discharged on the anode from MgCl,
electrolysis will react with the TiO,—C powder to produce
TiCl,. This provides great flexibility to form an anode con-
taining TiO, and carbon to be chlorinated with chlorine dis-
charge from MgCl, electrolysis.

Magnesium is provided as the primary example for reduc-
ing in-situ generated TiCl, from a composite of Ti—O—C at
the anode. The TiCl, is reduced by any magnesium ions
and/or magnesium metal soluble in the fused salt electrolyte
as well as metal generated at the cathode and is built-up on the
fused salt surface due to magnesium’s lower density than the
fused salt. The solubility of magnesium in MgCl, and other
halide fused salts in the operating temperature range of 750-
1000° C. is reported in the literature to be in the range 0 0.19
to 0.9 mole percent.

Other metals may be used as the reductant provided they
have a higher free energy of formation of its oxide and chlo-
ride compared to titanium chloride and oxide. For example, in
the case of calcium, its solubility in its chloride or fluoride is
higher than many of the other possible reductant metals. The
solubility of calcium ions and/or metal in calcium chloride in
the temperature range of approximately 800-1000° C. is
approximately up to 4 mole %. This higher solubility of
calcium in its fused halide provides a more efficient reduction
of TiCl, whether TiCl, is soluble in the CaCl, or is a gas, or
TiCl, passing upto calcium metal floating on the surface of
the CaCl,.

To avoid any possibility of titanium being deposited from a
composite Ti—O—C anode in competition with calcium
being deposited from its chloride which theoretical decom-
position voltage is 3.01V and chlorine being discharged on
the anode to make TiCl, for reduction by the deposited/
soluble calcium, the Ti—O—C composition can be raised to
just above the fused salt level and the discharged chlorine will
pass up through the Ti—O—C to produce TiCl,. The anode
within the fused salt for chlorine evaluation can be graphite or
any electroconductor that will not become anodic soluble in
the fused salt and/or react with the discharged chlorine. The
composition of the Ti—O—C that is contained above the salt
level to react with the discharged chlorine from the electroly-
sis of CaCl, can be TiO,—C, Ti;O—C, Ti,0,—C, TiO-C,
Ti,° C., TiOC in ratios of titanium oxide to carbon to provide
TiCl, and CO/CO,. The lower oxides are highly exothermic
to produce TiCl, at low temperatures while TiO,—C
becomes endothermic at higher temperatures.

It is known that cathodically deposited calcium due to its
high solubility in CaCl, can back react with the chlorine
generated at the anode to reduce Columbic efficiency. How-
ever, with the TiCl, being returned to the CaCl, salt which
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reacts with the soluble calcium, potential back reaction with
anode chlorine is reduced. Using a baffle to direct the chlorine
upward and away from the anode into the Ti—O—C contain-
ment to make TiCl, also reduces the probability of the soluble
calcium from back reacting with any chlorine.

To produce titanium alloy powder, other chlorides of alloy-
ing elements were blended with the returning TiCl, which
become reduced with the TiCl, to generate an alloy compo-
sition in each particle. An example is blending aluminum
trichloride, vanadium trichloride and boron trichloride that
produced an alloy of Ti—Al—V—B. The relative amounts of
each chloride determine the composition of the alloy for
example Ti-6Al-4V-0.5B. Some of the halides are miscible
with liquid TiCl, and can be mixed before the liquid TiCl, is
returned to the CaCl, salt. Otheralloying elements, e.g., metal
halides of Cu, Be, Mg, Al, B, Sc, Y, La, Si, Sn, Zr, Hf, V, Nb,
Ta, Cr, Mo, W, Fe and Mn may be blended in the TiCl, return
stream to be co-reduced by the calcium to produce uniformly
alloyed powders.

In addition to utilizing a CaCl, fused salt electrolyte
wherein the Ca has high solubility, an electrolyte of potas-
sium chloride (KCl) can be used as potassium (K) metal has
an even higher solubility in KCl such as approximately 10
mole %. This higher solubility of K in KCI provides excellent
reduction of TiCl, and/or other metal chlorides to produce the
other metal or alloy with titanium. For example, if the chlo-
rides of aluminum, vanadium and boron are blended with
TiCl, the K solubility in the KCI will concurrently reduce the
chloride mix to produce an alloy particle. The potassium is
produced via electrolyzing the molten KCI that produces
potassium on the cathode and chlorine on the anode to react
with a titanium oxide carbon combination such as illustrated
in FIG. 4. Of course, excess K over its solubility in KCI can
also be utilized in which case the excess K will float on the
surface of the KCl.

The separation of the salt electrolyte from the produced
titanium, titanium alloy or other metal particles must be per-
formed so as not to contaminate the metal particles and par-
ticularly with oxides or other interstitials. Water and/or acid
washing of small titanium based particles can result in exces-
sive passivation oxygen and nitrogen pick-up. One useful
technique to separate the salt electrolyte from the metal par-
ticles is vacuum evaporation. The temperature to evaporate
the salt electrolyte, depending on temperature, can cause
sintering to begin between metal particles which destroys the
metal particle flowability. It has been found that a salt mixture
of potassium chloride and lithium fluoride can be vacuum
evaporated at temperatures lower than predicted by the vapor
pressure temperature curve of either salt independently.
There is an apparent azeotrope that permits low temperature
vacuum evaporation of a KCI—LiCl salt mixture that pro-
vides ready separation of such a salt electrolyte from pro-
duced metal particles.

Also, various other eutectic salt mixtures may be used,
including but not limited to lithium fluoride, sodium fluoride
and potassium fluoride, sodium fluoride and lithium fluoride,
sodium chloride, calcium chloride and potassium chloride,
sodium chloride, magnesium chloride and sodium fluoride,
and sodium chloride, potassium chloride and sodium fluo-
ride.

The process to produce metal and alloy particles can be
thought of as a combined electrochemical and chemical
reduction process. The electrochemical portion is to produce
an alkali, alkaline earth or combination from their halide salts
producing the metal at the cathode and chlorine at the anode.
The metal at the cathode may be soluble to some extent in the
molten halide salt or may build up onto the salt surface. The
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chlorine produced at the anode is passed over a titanium
oxide-carbon mixture to form TiCl, which is recycled into the
molten electrolyte to be chemically reduced by the alkali
metal, alkaline earth metal or an alloy thereof which may be
soluble in the molten salt electrolyte and/or reside on the
surface of the fused salt electrolyte.

In one variation, the alloying element oxide may be mixed
with the titanium oxide/suboxide or independently mixed
with stoichiometric carbon to in-situ form the chloride of the
alloying element as the anode discharged chlorine passes over
the oxide carbon mixture. As shown in FIG. 4, the alloying
element chloride may be added from an independent source.
Itis also possibleto add TiCl, from an independent source and
not from in-situ as shown in FIG. 4.

The described processing can produce alloy particles with
as many alloying elements as are added to the incoming
stream to be reduced by the alkali or alkaline earth metals.
The relative concentration of the alloying elements in the
alloy particle is controlled by the ratio in the feed that is
discharged into the halide salt containing the soluble reducing
metal and/or the reducing metal floating on the surface of the
molten salt.

The overall reaction in the case of calcium is as shown in
reaction (7). If potassium is the reducing metal, the same
reaction occurs accounting for the different valence and elec-
tron transfer.

Q)

20aClh, + 4e = 2Ca + 2Cl
L Ti—0—C = TiCly + coT

20aCl, + | Ti|= Ticl + |

CaCl, + |M |- Mcl, +

alloy powder

To further demonstrate that utilizing a composite anode
electrolyzed above the decomposition potential of magne-
sium chloride in a fused salt electrolyte can produce titanium
particles, an experimental trial was performed in the system
shown in FIG. 5. To prevent any TiCl, produced at the anode
from rising up the anode surface and not contacting either
magnesium metal ion or the agglomerated magnesium metal
the system gas pumped the electrolyte down the anode sur-
face between the composite anode and ceramic tube to force
the generated gases to pass outward and upward to contact the
Mg** ions and/or agglomerated magnesium metal generated
at the cathode. The deposited magnesium metal rises to the
surface of the salt and the TiCl, reacts to provide titanium
metal particles by the reaction:

TiCl,+Mg=Ti+MgCl, ®)

The equation is not balanced since the value of X in the
TiCl compound produced at the anode can be 2, 3 or 4. If the
anode is continuously fed and the Ti particles are removed
periodically or continuously, the process is continuous as
contrasted to the Kroll process which is batch.

It is possible to form an alloy of titanium by utilizing a
composite anode containing the alloying elements as the
oxide and/or oxycarbide. For example, to produce the com-
mon alloy Ti-6Al-4V the composite anode can contain VCl,
and VOCI;. When chlorine is released at the anode not only
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will TiCl, be produced but AlCl; and VCl; in the proportion
they are contained in the anode with TiO,C, —C. The elec-
trolytically produced Mg will not only reduce the TiCl, but
also the VCl, and VOCI,, that is:

1.5Mg+VCl,=V+1.5MgCl, ©)

1.5Mg+VOCL=V+1.5MgCL,+0, (10)

With an intimitate mix of the alloying compounds in the
composite anode the formation of the metal chlorides and
their reduction will produce titanium particles containing the
desired ratio of Ti, Al and V that forms the alloy Ti-6Al-4V. Of
course other alloying elements can be contained in the anode
to produce their chloride when chlorine is released at the
anode with reduction from the Mg to produce titanium alloys
in particulate form.

Also, other metals such as lithium, sodium, potassium and
calcium can be used instead of magnesium as the metal that is
electrolyzed from its chloride and reduces the TiCl, produced
at the anode.

The instant invention of in-situ producing titanium via
electrolysis of magnesium chloride that in-situ produces
TiCl, with the magnesium reducing the TiCl, in a cyclic
continuous systems is estimated to have a cost of half that of
the standard Kroll process.

It is also possible to operate the system maintaining the
potential below that to deposit magnesium. As taught in U.S.
Ser. No. 10/828,641, the contents of which are incorporated
herein by reference, the composite anode can be utilized to
electrowin titanium at a cathode. The cathode is typically a
solid metallic surface which also accommodates pumping the
electrolyte over the cathode to achieve a high mass flow. An
alternate configuration is to utilize a liquid cathode that can
result in producing a higher purity titanium. Many have tried
liquid metal cathodes such as Zn, Al, In, Pb, etc., but titanium
forms compounds with these liquid metals, making separa-
tion of pure titanium very difficult. It is known that magne-
sium does not form undesirable products with titanium as
confirmed by the Kroll process where molten magnesium
reduces TiCl, and the produced titanium does not react with
the molten magnesium. However, because of magnesium’s
very low density it floats on the usual fused salt compositions.
A cell arrangement which utilizes molten magnesium as the
cathode and separates the anode gases of CO/CO?2 is illus-
trated in FIG. 6. Other compatible liquid metals also can serve
as the cathode such as lithium, sodium, potassium, and cal-
cium.

Under an electrolytic applied potential titanium ions from
the anode go into solution and are deposited at the liquid
metal cathode-salt interface. The anode gas of CO/CO, exits
up the anode without interacting with the depositing titanium,
which eliminates any possible back reactions with the depos-
ited titanium particles. The formed titanium particles at the
liquid metal cathode surface are heavier than the liquid salt
electrolyte and thus settle to the bottom of the cell. Collection
can be in a filter basket which is periodically removed or
siphoned out with a pump or gas lift, or using a hydrocyclone.
A continuous anode feed can be used to provide a continuous
operation to produce titanium particles.

The invention will be further described illustrated by the
following non-limiting example.

EXAMPLE

Calcium chloride was melted in a closed container in the
absence of air just under vacuum less than 10 pum Hg to
remove moisture then solidified and remelted under a flow of
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purified Argon gas. At a temperature of 850° C. a graphite
anode and cathode was immersed in the salt with electrolysis
at 2.8 volts to purify the salt from oxides and other impurities
without decomposing the calcium chloride.
An anode of graphite with a mixture of TiOC suspended in
a porous carbon container surrounding the graphite anode
above the molten salt level was installed in the cell. A cathode
of titanium was utilized. Electrolysis was performed with a
voltage above the decomposition voltage of calcium chloride
(3.3 V plus the cell resistance and overvoltages) to deposit
calcium at the cathode. A porous barrier of carbon was uti-
lized around the anode to prevent back reaction of cathode
produced calcium and chlorine at the anode. The porous
carbon barrier had sufficient surface are to avoid becoming
bipolar.
The chlorine liberated at the anode reacted with the TiOC
which had been produced by carbothermic reduction of TiO,
and carbon. Titanium tetrachloride was produced from the
reaction of TiOC and chlorine along with a minor positive test
for phosgene. The titanium tetrachloride was recycled to
bubble into the cathode area for reduction by the cathodically
produced calcium. Into the TiCl, stream the additional metal
chlorides of aluminum, iron, tin and boron were added.
The calcium produced at the cathode which is soluble in the
CaCl, at approximately 3-4 mole percent or excess calcium
that floats on the surface of the CaCl, reduces the combined
metal chlorides to produce titanium alloy particles. The alloy
produced in this case consisted of Ti-4.5A1-0.7Sn-2.5Fe-
0.7B.
Any number of metal chlorides can be added to the TiCl, to
produce virtually any alloy desired including alloys that can-
not be produced by the traditional method of adding alloying
elements to molten titanium. Also, the TiCl, does not neces-
sarily have to be produced in-situ at the anode and can be
produced by conventional carbo-chlorination. It also is pos-
sible to prevent any phosgene escape in the chlorination of
TiOC with a sufficiently high bed of TiOC wherein any pro-
duced phosgene will fully react with the TiOC to produce
TiCl,.
While the invention has been described in connection with
the production of titanium, other high value metals of interest
such as chromium, hafhium, molybdenum, niobium, tanta-
lum, tungsten, vanadium and zirconium may be produced
with an anode formed of oxide-carbon composite of the metal
of interest.
Yet other changes may be made without departing from the
spirit and scope of the invention.
What is claimed is:
1. A method for producing a metal M or metal alloy M, N,
of interest, which comprises:
providing an electrolysis cell having a molten salt electro-
lyte of an alkali-metal or alkaline-earth metal halide AX
or AX,, heated to a temperature above 650° C., an anode
formed of carbon or an inert material or of a composite
of a metal oxide of the metal of interest and carbon, and
a cathode;

flowing the electrolyte over the surface of the cathode and
the anode and electrolyzing the molten salt electrolyte in
the electrolysis cell to discharge the alkali or alkaline-
earth metal A, at the cathode, and to discharge nascent
chlorine gas at the anode;

reacting the nascent chlorine gas with a source compound

of'the metal of interest (M and/or N) at or near the anode,
whereby to produce a halide ofthe metal of interest MX,,
and/or NX,, in the electrolysis cell;

metallothermically reducing the metal halide MX,, and/or

NX,, either separately or combined, with the alkali or
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alkaline-earth metal A, obtained cathodically to produce
the metal M, or metal alloy M,N, of interest, in particu-
late form; and

continuously harvesting particles of the metal M, or metal

alloy M\N,, of interest by siphoning, through a filter
basket, using a hydrocyclone or a pump.

2. The method according to claim 1, wherein the metal or
metal alloy of interest is produced as a powder.

3. The method of claim 1, wherein the anode is formed of
a titanium oxide or titanium suboxide-carbon composite, and
the metal produced comprises titanium.

4. The method of claim 1, wherein the anode is formed of
a chromium oxide-carbon composite, and the metal produced
comprises chromium.

5. The method of claim 1, wherein the anode is formed of
a hafnium oxide-carbon composite, and the metal produced
comprises hafnium.

6. The method of claim 1, wherein the anode is formed of
a molybdenum oxide-carbon composite, and the metal pro-
duced comprises molybdenum.

7. The method of claim 1, wherein the anode is formed of
a niobium oxide-carbon composite, and the metal produced
comprises niobium.

8. The method of claim 1, wherein the anode is formed of
a tantalum oxide-carbon composite, and the metal produced
comprises tantalum.

9. The method of claim 1, wherein the anode is formed of
a tungsten oxide-carbon composite, and the metal produced
comprises tungsten.

10. The method of claim 1, wherein the anode is formed of
a vanadium oxide-carbon composite, and the metal produced
comprises vanadium.

11. The method of claim 1, wherein the anode is formed of
zirconium oxide-carbon composite, and the metal produced
comprises zirconium.

12. The method of claim 1, wherein the molten salt elec-
trolyte comprises an alkali-metal chloride selected from the
group consisting of lithium chloride, sodium chloride and
potassium chloride.

13. The method of claim 1, wherein the molten salt elec-
trolyte comprises an alkali-metal fluoride selected from the
group consisting of lithium fluoride, sodium fluoride and
potassium fluoride.

14. The method of claim 1, wherein the molten salt elec-
trolyte comprises an alkaline-earth metal chloride selected
from the group consisting of magnesium chloride and cal-
cium chloride.

15. The method of claim 1, wherein the molten salt elec-
trolyte comprises an alkali-earth metal fluoride selected from
the group consisting of magnesium fluoride and calcium fluo-
ride with calcium chloride.

16. The method of claim 1, wherein the molten salt elec-
trolyte comprises a binary mixture of alkali-metal chlorides
selected from the group consisting of lithium chloride-potas-
sium chloride, lithium chloride-sodium chloride, and sodium
chloride-potassium chloride, or a ternary mixture of sodium
chloride, lithium chloride and potassium chloride.

17. The method of claim 1, wherein the molten salt elec-
trolyte comprises a binary mixture consisting of calcium
chloride and magnesium chloride.

18. The method of claim 1, wherein the molten salt elec-
trolyte comprises an eutectic mixture of alkali-metal halides
selected from the group consisting of lithium fluoride, sodium
fluoride and potassium fluoride, sodium fluoride and lithium
fluoride, sodium chloride, calcium chloride and potassium
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chloride, sodium chloride, magnesium chloride and sodium
fluoride, and sodium chloride, potassium chloride and
sodium fluoride.

19. The method of claim 1, wherein the alkaline earth metal
comprises magnesium.

20. The method of claim 1, wherein the alkaline earth metal
comprises calcium.

21. The method of claim 1, wherein the alkali metal com-
prises lithium.

22. The method of claim 1, wherein the alkali metal com-
prises sodium.

23. The method of claim 1, wherein the alkali metal com-
prises potassium.

24. The method of claim 1, wherein the anode is formed of
graphite.

25. The method of claim 1, wherein the anode is formed of
a composite of an oxide of the metal of interest and carbon.

26. The method of claim 1, wherein the nascent chlorine
discharged at the carbon anode is reacted with a composite of
an oxide of the metal of interest and carbon to produce a
halide of the metal of interest.

27. The method of claim 1, wherein the nascent chlorine
discharged at the anode is reacted with a composite of an
oxide of the metal of interest and carbon to produce a halide
of the metal of interest.

28. The method of claim 1, wherein the metal particles are
harvested by siphoning.
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29. The method of claim 1, wherein the metal particles are
harvested on a filter basket.

30. The method of claim 1, wherein the metal particles are
harvested using a hydrocyclone.

31. The method of claim 25, including the step of adding
metal halides other than that of the metal of interest wherein
a metal alloy is produced.

32. The method of claim 31, wherein the metal halide
added is a halide of an element selected from the group
consisting of Cu, Be, Mg, Al, B, Sc, Y, La, Si, Sn, Zr, Hf, V,
Nb, Ta, Cr, Mo, W, Fe and Mn.

33. The method of claim 25, wherein the metal of interest
is titanium.

34. The method of claim 25, wherein the metal oxide
comprises an oxide of an element selected from the group
consisting of Cu, Be, Mg, Al, B, Sc, Y, La, Si, Sn, Ti, Zr, Hf,
V, Nb, Ta, Cr, Mo, W, Fe, and Mn.

35. The method of claim 31, wherein a titanium metal alloy
is produced which comprises titanium alloyed with an ele-
ment selected from the group consisting of Cu, Be, Mg, Al, B,
Sc,Y, La, Si, Sn, Zr, Hf, V, Nb, Ta, Cr, Mo, W, Fe, and Mn, and
a mixture of one or more of said elements.

36. The method of claim 31, wherein the metal alloy pro-
duced has the formula Ti-6A1-4V.

37. The method of claim 25, including the step of adding
metal halides of metals other than those of the metal of inter-
est wherein a metal alloy is produced.
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